Ocean Drilling Program Site 658, cored below a major upwelling cell offshore Cap Blanc, contains a largely undisturbed hemipelagic sediment section spanning the Brunhes Chron and the early Quaternary and late Pliocene. The companion Site 659 recovered a complete and undisturbed Neogene profile further offshore that serves as a nonupwelling pelagic reference section. Oxygen and carbon isotope ratios in benthic (C. wuellerstorfi and in part Uvigerina sp.) and planktonic foraminifers (G. inflata) provide a climatic record of high resolution for the Brunhes Chron. At Site 658 the record extends back to the early Pleistocene and late Pliocene.
INTRODUCTION
Virtually undisturbed double and triple sediment sections obtained with the advanced hydraulic piston corer technique (APC) have greatly expanded the limits of precise chrono stratigraphic resolution. Complete and highly detailed isotope stratigraphic records can now be established back to the early Quaternary and to the Cenozoic based on sediment cores from hemipelagic deep-sea sediment "piles" formed quasicontinuously at high accumulation rates. In this chapter, we summa rize a new set of stable isotope data with fine-scale resolution generated by a close examination of Ocean Drilling Program (ODP) Site 658 and the upper sections of Site 659. These data form the base for a number of paleoceanographic and paleo climatic studies published in this volume that rely on precise accumulation and flux rate data, for example, of siliciclastic, opaline, and pollen sediments (Dupont et al., this vol.; Stabell, this vol.; Tiedemann et al., this vol.) .
A major target of Leg 108 was to study the history of oceanic upwelling and continental sediment supply offshore from the west Sahara (Fig. 1) . Below the coastal upwelling cell offshore from Cap Blanc, Site 658 recovered a largely undis turbed, thick hemipelagic sediment section at 2271 m water depth. Shipboard stratigraphic data revealed average sedi mentation rates of about 15 cm/1000 yr in the upper 100 mbsf. Further below, a hiatus lasting for about 840,000 yr is pre ceded by sedimentation rates of almost 8 cm/1000 yr down to 163 mbsf (i.e., about 2.4 Ma), and of about 11 cm/1000 yr down to 300 mbsf (slightly modified from Ruddiman, Sarn thein, et al., 1988, pp. 105-219, cf . Table 5 ). These high rates of sediment accumulation provided a Pliocene-Pleistocene sediment record of high quality in which bioturbation hardly obscures the fine-scale resolution of short-term features in climate stratigraphy.
In comparison, at nonupwelling neighbor Site 659, which lies more distant from the continent on top of the Cape Verde Ridge in 3081 m water depth ( Fig. 1) , we cored a section that consists largely of pelagic carbonate sediments. Sedimenta tion rates continuously averaged 3 cm/1000 yr down to 140 mbsf, and carbonate dissolution was low (Ruddiman, Sarn thein, et al., 1988, pp. 221-325) .
Both the carbon and the planktonic foraminifer oxygen isotopic records at Site 658 are expected to reflect the inter play of such global and local oceanographic processes as the upwelling of cold subsurface water and the excessive produc tion of isotopically light organic carbon. Alternatively, the records of Site 659 are expected to represent the "general" isotopic history of the ocean in subtropical latitudes.
METHODS

Stable Isotope Analysis
At Site 658, stable oxygen and carbon isotope analyses were made at (irregular) sample intervals averaging 36 cm between 0 and 100 mbsf and 70 cm from 100 to 300 mbsf. From 0 to 100 mbsf, this spacing corresponds to an average interval of about 2400 yr and from 100 to 273 mbsf, to an interval of 6600 yr. Six major data gaps in the combined S 18 0 records of C. wuellerstorfi and Uvigerina sp. at Site 658 make up 15 k.y. at 160.5-161.8 mbsf composite depth (c.d.), 20 k.y. at 172. 5-174.5 mbsf (c.d.), 26 k.y. at 181.4-183.9 mbsf (c.d.), 36 k.y. at 190.25-193.75 mbsf (c.d.) , 21 k.y. at 219. 5-222.0 mbsf (c.d.) , and 30 k.y. at 266. 06-269.74 mbsf (c.d.) .
Further below, gaps at 272. 87-279.25 and 279.72-288.77 mbsf (c.d.) are about 52 and 75 k.y., respectively. Moreover, a precise comparison of our 5 18 0 record with that of Raymo et al. (1988) revealed a coring gap spanning up to 9.4 m at 154. 94-155.05 mbsf (c.d.) in Core 108-658A-18H, where drilling changed from APC to XCB coring (see below). Based on a removal of these gaps, the actual average sampling resolution at 100-153 mbsf amounts to one sample •659 per 58 cm or every 6300 yr in the remaining proportions of the sediment profile. At 155-273 mbsf (c.d.), it increases to one sample per 56 cm or every 5240 yr (based on the sedimentation rates of Table  5) . At Site 659, 0-33 mbsf, the average sampling interval was 29 cm, equivalent to 8800 yr according to Leg 108 shipboard stratigraphy (Ruddiman, Sarnthein, et al., 1988) .
Four foraminifer species were used for stable isotope analyses: Globorotalia inflata (about 20 specimens per sample, 250-315 /am size fraction) recorded the history of the subsurface ocean, particularly the regime near and below the thermocline (Deuser et al., 1981; Ganssen and Sarnthein, 1983) . On the other hand, Cibicidoides wuellerstorfi (1-10 specimens per sample from the 315-400-/im size fraction) provided a parallel record of the history of Intermediate North Atlantic deep water. Furthermore, both Uvigerina peregrina and U. auberiana (1-15 specimens, 315^400 (iim, per sample) were analyzed at Site 658 at 150-300 mbsf. They provide a second benthic oxygen isotope record where the record of C. wuellerstorfi is incomplete because specimens were absent in the sediment. Eighty-two twin measurements demonstrate the oxygen isotopic match between U. peregrina and U. auberiana (Fig. 2) .
Standard techniques for analysis were used: reaction with 100% orthophosphoric acid at 70°C and removal of water with the CARBO-KIEL automated preparation system, and isotopic analysis in a Finnigan MAT 251 mass spectrometer at the C-14 Laboratory of Kiel University. Both instruments were calibrated to the PEE DEE Belemnite (PDB) scale through National Bureau of Standards NBS-19 and NBS-20 carbonate standards. External reproduction capabilities (including C0 2 preparation and spectrometric analysis) were ±0.07%c 5 18 0 and ±0.04%c 5 13 C (both 1-sigma values). A more complete description of these techniques is given in Ganssen (1983) and Zahn (1986) .
Revision of Composite Depth Sections
In order to obtain complete isotopic records, two holes were sampled at Site 658 and three at Site 659. In general, our depth correlation between the different holes at each site is based on the composite depth sections reported by the Leg 108 shipboard party ( Ruddiman, Sarnthein, et al., 1988) . However, careful inspection of the fluctuations in our oxygen isotopic curves suggested a revision of the correlation between Holes 658A and 658B for the uppermost three cores (see Fig. 3B and new "pathway" in Table 1 ).
The new between-hole correlation pattern is in harmony with and supplemented by a revised interpretation of the best fit between the continuous magnetic susceptibility curves of both holes based on some marked short-term fluctuations (Fig. 3A) . This revision results in a general reduction of composite depth values by 2.85 m in all cores of Hole 658A below 15 mbsf (c.d.) compared with the values defined by Ruddiman, Sarnthein, et al. (1988) , who used Hole 658A as major reference section.
The composite depth section of Site 658 leads to a largely complete overlap of sections of "good core" between Holes 658A and 658B down to a composite depth of -85 mbsf (discussion of gaps see below). Moreover, in this composite section we increased markedly the quality of the sediment section at Site 658 by closing "on paper" numerous gaps artificially induced by gas in the otherwise uncontorted core sections, based on a detailed computerized data record of all voids provided by W. B. Curry (pers. comm.).
Based on the revised data set of Bloemendal et al. (1988) , the composite depth section of the three holes at Site 659 also had to be readjusted in the following manner. From 0-3.73 mbsf, the calcu lation of the composite depth is based on Hole 659B because the top 33-and 21-cm sediment sections were lost from Holes 659A and 659C, respectively. From 8.9 to 19.0 mbsf c.d., the section from Hole 659C replaces the one from Hole 659A as the major reference unit (see new "pathway" in Table 2 ); it appears more likely that Core 108-659A-2H lost 1.1-1.5 m of sediment than that the wellpreserved Core 108-659C-2H expanded by the same amount. Fur ther below, the composite depth values remain as defined by Ruddiman, Sarnthein, et al. (1988) , except for a minor revision at 101-112.5 mbsf (Table 2) . Tables 3 and 4 . Figure 4 depicts the planktonic and benthic oxygen and carbon isotope records of Site 658, a 294-m-long sediment section reaching back to 3.6 m.y. Figure 5 depicts the equivalent information for the topmost 31 m of Site 659 equating the past 1.0 m.y.
RESULTS
All data analyzed are given in
The oxygen isotopic stages of the last 0.73 Ma were identified by visual graphic correlation using features defined by Pisias et al. (1984) and Prell et al. (1986) and dated by Imbrie et al. (1984) and Martinson et al. (1987) . The earlier oxygen isotopic fluctuations beginning at the top of the Olduvai Subchron (Site 658: 106.65 msbf, c.d.) were identified as midpoint stages 60-63 in line with the classification scheme of Ruddiman et al. (1986) and as stages 64-116 in line with the scheme of Raymo et al. (1988 Further downcore, the high stratigraphic resolution of the benthic oxygen isotope record at Site 658 (1 sample/5240 yr) enabled us to propose a new nomenclature for the preceding sequence of oxygen isotope stages 116-137, which make up the time span back to more than 3.3 Ma. Most isotopic events are well defined by several data points along the stage transi tions. At 3.41 Ma C. wuellerstorfi largely ceases to occur in our samples and also the S 18 0 record of Uvigerina sp. is incomplete due to inadequate core recovery.
Pliocene age control points and the approximate midpoint ages assigned to stages 61-137 are summarized in Table 5 . Ages were derived by linear interpolation between the top Olduvai and Reunion I magnetic events, which were refined by the tuned TP607 time scale of Raymo et al. (1988) and the Gauss-Gilbert magnetic boundary. Furthermore, we used Paleomagnetically dated and quantitatively determined bio stratigraphic datums, especially below 150 mbsf (Ruddiman, Sarnthein, et al., 1988; Chepstow-Lusty et al., this vol.;  in part, ages revised by Raymo et al., 1988) .
A close comparison of our oxygen isotope record with that of Site 607 (Raymo et al., 1988) led to a particularly clear morphological identification of stages 75, 78, 82, 88, 96, and 100 . Moreover, the comparison demonstrated that we missed several cycles (stages 89-95) in our record at about 155 mbsf (c.d.), a depth that precisely matches the loss of Core 108-658A-18H. Accordingly, we regard this gap as an artifact.
Both the oxygen and carbon isotope curves of Site 658 provide detailed records of climate history with many novel features from the last 730,000 yr and new information from 1.57 to 3.4 Ma. However, the records are interrupted by a major erosional hiatus ending near the Brunhes-Matuyama boundary and two small ones at S 18 0 stages 4 and 18, which all require careful identification (see discussion chapter).
The hemipelagic sedimentation rates at Site 658 vary from 9 to 26 cm/k.y. in the uppermost 100 m and around 7-12 cm/k.y. below 100 mbsf (Table 5) , thus exceeding normal pelagic sedimentation rates by a factor of 6-8. Hence, we assume that the full range of glacial-to-interglacial oxygen isotope variations, which is commonly obscured by bioturba tion in lower deposition-rate records, remained almost intact at Site 658 during the Brunhes Chron. The isotopic range in the benthic record reached a maximum of 2.35%o at the stage 11-12 boundary. In the values of the subsurface planktonic species G. inflata, which is likely to show a smoothed record of extreme sea-surface temperature (SST) fluctuations be cause of its habitat at about 100^400 m water depth, the variations in S 18 0 only reached 2.2%e (at the stage 9-10 boundary).
As expected from the differences in sedimentation rates, the maximum range of benthic S 18 0 variation at Site 658 slightly exceeds that of neighboring Site 659 by up to 0.2%o and exactly matches that of the high-resolution core M 12392 . The range difference between Sites 658 and 659 is considerably greater (by 0.5%c) for planktonic 5 18 0 variations, which may result from locally enhanced SST fluctuations along with the coastal upwelling cell at Site 658. A future comparison of these data with the ketone-based tem perature record presented by Poynter et al. (this vol.) might lead to a better understanding of this question.
At Site 659, the benthic and planktonic oxygen isotope records (Fig. 5) generally match closely. They are of standard quality, with surprisingly uniform intermediate sedimentation rates (Table 6 ). Minor irregularities in assigning stage names (22-27) occur at 25-30 mbsf, probably a result of too wide a sampling interval. Furthermore, the magnitude of peaks at events 19.1 and 18.3 appears atypical, especially in the plank- 658A-14H-3, 98-100 -19X-3, 70-74 658A-19X-3, 102-104 658A-19X-4, 40-44 658A-19X-4, 102-104 658A-19X-5, 12-16 658A-19X-5, 66-70 658A-19X-5, 102-104 658A-19X-6, 130-134 658A-19X-7, 66-70 658A-19X-7, 102-104 tonic record. The range of interstage oxygen isotope variation is generally higher in the benthic record (up to 2.2%c at the stage 5-6 boundary) than in the planktonic record (up to 1 J%o, except for Termination I), an example of a high plankton to benthos difference in isotopic variation that is independent of high sedimentation rates. This indicates a generally stronger glacial-to-interglacial temperature overprint at -3000 m water depth than within the subtropical (18° N) subsurface habitat of G. inflata (within and below the thermocline; Deuser et al., 1981) .
DISCUSSION
Stratigraphic Range of Hiatuses at Site 658 At Site 658, the shipboard party (Ruddiman, Sarnthein, et al., 1988 ) identified a major hiatus covering approximately the time span between the Brunhes-Matuyama boundary and the last occurrence of C. macintyrei (96.25-96.55 mbsf, c.d.) . In detail, however, the various stratigraphic methods assigned the hiatus to different core depths (Table 7) . Both physical properties and nannofossil stratigraphy recorded a major event at about 96.4 mbsf (c.d.), whereas paleomagnetism indicated a break in the record only at or below 99 mbsf (c.d.), about 2.5 m deeper.
Oxygen isotope stratigraphy at Site 658 (Fig. 4) enables us to make a clear identification of the numerical event taxonomy redefined by Prell et al. (1986) back to stage 16. Within this stage, the planktonic record shows the slightly negative 16.3 isotopic event, which is not evident in the benthic record. The amplitude of the preceding short negative (warm) events at 95. 08-96.16 mbsf (c.d.) is slightly lighter than that of the subsequent warm stages 15 and 13 and is typical of event 17.1. This identification is corroborated by a heavy 5 13 C value of C. wuellerstorfi (Table 3 and Fig. 4) , which is characteristic of stage 17 in North Atlantic Deep Water (Sarnthein et al., 1984) . Based on this assignment, the sedimentation rates between (Table 5 ). The preceding cold stage below 96.4 mbsf (c.d.) is much less pronounced than the value expected for event 18.2, especially at the high sedimentation rates in Site 658 (Prell et al., 1986 ; cf. Site 659, Fig. 5 ). Thus, we may ascribe this event either to stage 18.4 or to stage 58 in harmony with stages identified further downcore. Event 18.4 fits into the positive magnetic anomaly of the Brunhes Chron. On the other hand, possible evidence for stage 58 might derive from (1) the S ls O range of the event, which corresponds to that of the cold stages 60-70 preceding the hiatus; (2) the bipartite character of the stage in both the planktonic and benthic isotope record, which could be in harmony with the graphic record defined by Ruddiman et al. (1986) ; or (3) the nanno fossil stratigraphy.
The preceding short-lasting but pronounced warm oxygen isotope stage at 97.99-98.83 mbsf (c.d.) is equal or slightly more negative than the subsequent warm stages 17-13. By its amplitude it would match both stage 19 and stage 59. How ever, based on the Brunhes-Matuyama magnetic reversal lying close to the peak of this event (Fig. 4) , the assignment to stage 19 is far more likely because the well-defined matching of the reversal and the pronounced warm stage (Shackleton and Opdyke, 1973, 1976 ) is hardly incidental.
Hence, we suggest that the main hiatus lies just below the Brunhes-Matuyama boundary, which is now regarded as real, Sarnthein, et al., 1988, pp. 105-219) , it is not surprising to find a few reworked nannofossils from the underlying strata up to 2.5 m above the main hiatus. Furthermore, a slightly distorted stratigraphic sequence is evidenced by the delayed shift in the water content (Table 7) and by a second short hiatus spanning events 17.2-18.3 at 96.4 mbsf (c.d.), a depth that corresponds to the top of the "main" hiatus as found in nannofossil stratigraphy. The second hiatus spans about 42 k.y.
A further hiatus is required at about 9-12 mbsf (c.d.) to explain the oxygen isotope records and the variation of sedimentation rates in the topmost 12 m at Site 658 (Fig. 4 and Table 5 ). The most recent stages 1, 2, and parts of 3 can be readily identified. The positive (cold) interval at 7.33-8.32 mbsf (c.d.) must be assigned to event 3.2 and not to stage 4 because both the planktonic and benthic isotope records (Fig.  3B ) lack the low S 13 C values that are typical for isotope stage 4 (e.g., Shackleton, 1977; Sarnthein et al., 1984; Zahn et al., 1986) . Accordingly, the preceding warm event at 8.83 mbsf (c.d.) should represent event 3.31 (Paterne et al., 1986) or 3.3 (Martinson et al., 1987) . This event reaches a 5 18 0 level as negative as the Allerod stage (event 2.1), a range that appears characteristic only of records with very high time resolution like cores V19-30 , KET 8003, and KET 8004 (Paterne et al., 1986) .
Further downcore, the narrow, extremely negative 5 18 0 event at 9.69 mbsf (c.d.) observed in both the planktonic and benthic isotopic curves compares favorably with its <5 18 0 value to stages 1 and 5.5. The peak may be best assigned to stage 5.1, although its low value exceeds all hitherto known levels, probably because of the extreme sedimentation rate given in our profile. Pflaumann (pers, comm.) found the last occurrence (LO) of Globorotalia hexagonus 60 cm on top of the event, at 9.1 mbsf (c.d.), which marks the stage 5/4 boundary and hence confirms the stage 5.1 assignment of the event at 9.69 mbsf. It is also linked to an isolated, extreme C minimum distinguished by a difference of about l%c in the benthic and 0.4% c in the planktonic record ( Fig. 4B and Table 3 ).
In general, this minimum is characteristic of early stage 4 (Sarnthein et al., 1984) , that is, it should actually be ex pected slightly further upcore. However, in summary, we may still conclude that the 5 ls O peak at 9.69 mbsf (c.d.) represents stage 5.1. The more positive event below, at 10.32 mbsf (c.d.), already marks the top part of stage 5.2. Therefore, stages 3.1 at 8.83 mbsf and 5.1 at 9.69 mbsf must be separated by a stratigraphic gap that spans stages 3.33 and 4; that is, from -50 to 74.5 k.y., which is equivalent to 24,500 yr or to a 3.5-m sediment thickness (Table 5; sensu Paterne et al., 1986, and Martinson et al., 1987) . Since the gap lies 1 m above the break between Cores 108-658B-2H and -3H within an undisturbed sediment section, we assume that it is no artifact.
High-Resolution Variability in the Oxygen Isotope
Record during the Brunhes Chron (Site 658) In general, the planktonic and benthic isotope records of Figure 4A similarly depict a large number of highly resolved isotopic events during the last 730,000 yr. Based on the very high sedimentation rates averaging near 15 cm/k.y. and the largely undisturbed hemipelagic sediment record of Site 658 (Ruddiman, Sarnthein, et al., 1988) , many in part new, smallscale features of these S ls O curves can now be substantiated and hardly be ascribed to products of bioturbation or to reworking. Other events, especially in the planktonic record, appear to be peculiarities of the local temperature history because the two isotopic curves disagree. Significant devia tions between the two records only occur at Terminations I and III, where the onset of glacial-to-interglacial change in the benthic isotope record leads that of the planktonic one by about 4000 yr, a well-documented feature that we do not understand at this time (see further details below). Figure 4 shows that the well-known sawtoothlike appear ance of the 100-k.y. climatic cycles is more pronounced during the last 600,000 yr than in other single or stacked records (Prell et al., 1986) . This is particularly apparent in the cycles of stages 6-7 and 13.2-15 and is most obvious in the benthic record. As pointed out by , the early cold events 12.2 and 16.2 appear more intensely "glacial" than the remaining even-numbered stages. Many of them have surprisingly constant isotopic values (e.g., 4.5%o in the benthic record at events 2.2, 6.2, 10.2, 13.2, and 14.2; or about 4.0% c at events 3. 2, 6.6, 7.4, 8.2, 8.4, 10.4, 12.4, and 14.4) . As a consequence, there is no overall long-term trend in cooling or warming. Among the most negative events, events 11.3, 9.3, and 1.1 are slightly more "interglacial" in the benthic record than the other warm stages. In the planktonic record, event 9.33 is clearly more pronounced than the other stages, which may derive from local SST warming and, possibly, from a short-term local supply of fluvial water (Tiedemann et al., this vol.) . As a result of detailed time resolution, we identified the following new features in the benthic record and frequently in the planktonic record as well (Fig. 4) . In contrast to existing stacked and single records (Prell et al., 1986; Sarnthein et al., 1984) , events 5.1 and 7.5 now almost reach the "interglacial" range of the Holocene, with 7.5 appearing more "interglacial" than events 7.3 and 7.1. Furthermore, the by-now "medium cold" events 7.4, 14.2, and in particular 13.2, turn out to be as "glacial" as most of the established glacial stages.
BIM T-i-|-i-i-i-i-|-i-i-i-i-|-i-i-i-r-|-i-i-i-
The single sample (108-658A-9H-6, 12-16 cm) that serves as the basis for the recognition of event 13.2 in the planktonic and benthic records has been obtained from a completely undisturbed core and sediment section (Ruddiman, Sarnthein, et al., 1988) , where horizons with an equal isotopic composi tion occur only about 6 m further downcore or 12 m further upcore. Therefore, isotopic artifacts from sediment reworking are an unlikely explanation for the new magnitude of event 13.2. The extremely glacial character of event 13.2 is note worthy, since it may add, in conjunction with the gradually deepening stage 14, another hitherto missed Termination "Vb" (Broecker and van Donk, 1970) to the long-term cli matic record at about 515 k.y.; that is, it may help to trace the 100,000-yr cycle back to event 16.2 about 630,000 yr ago.
Based on sedimentation rates between neighboring stage midpoints (Table 5) , the outlined substages with newly dis covered isotopic extremes did not last for more than about 4000-6000 yr. The same holds true for the isotopic peaks of a number of short-term warm events within glacial stages (e.g., events 6.3 and 12.3). This implies that a lot of the information on isotopic extremes must have been smoothed or lost in sediment records with only medium time resolution. In light of the recent results of , a large proportion of the short-term isotopic extremes may be linked to rapid temperature fluctuations in the North Atlantic Deep Water rather than to major waxing and waning of polar ice sheets.
The same might apply to a number of other well-estab lished events in the oxygen isotope record of Site 658 (Fig. 4) that split off into "sub-substages." For example, event 7.3 split into 7.31 and 7.33, 9.3 into 9.31 and 9.33, 10 into 10.2 and 10.4, and 13.1 into 13.11, 13.13, and 13.15 . Most of these fine-scale events vary within a range of 0.5%o and are substan tiated by a match of the benthic and planktonic records and, moreover, by data points covering the flanks of the new Note: Magnetic and nannofossil ages are according to Ruddiman, Sarnthein, et al., 1988 , modified by Chepstow-Lusty et al., this vol., and Raymo et al., 1988 . Ages of stages 1-19 are based on Imbrie et al., 1984 , Martinson et al., 1987 , and Paterne et al., 1986 . Stages 117-137 are newly defined in this paper, c.d. = composite depth; LO = last occurrence. a Stages and ages are based on Ruddiman et al., 1986. Stages and ages are based on Raymo et al., 1988. (sub-)events. A similar systematic splitting of the oxygen isotopic events was first recognized by Paterne et al. (1986) and Martinson et al. (1987) for stages 2-6. A most interesting detail observed in the high-frequency range of the curves from Site 658 is the multiple repetition of cold events comparable with the Younger-Dry as. They occur, in addition to the event at Termination I, with Terminations III, IV, V, and VI? in the planktonic record and with Termi nations IV and V in the benthic one. The short-term negative S 18 0 reversals (comparable with the Allerod) lie about 0.65-1.30 m downcore from the <5 18 0 minima marking the subse quent peak interglacial stages. Likewise, the positive rever sals (comparable with Younger-Dryas) lie about 60-65 cm upcore from the preceding cold stages.
Although bioturbational downcore mixing across this dis tance cannot be fully excluded, it appears unlikely. This assump tion is corroborated by the frequency distribution of G. inflata specimens, which culminates across the terminations, ranging from 2 to 13 specimens/cm 3 at Termination IV and from 1 to 21 /cm 3 at Termination V. Moreover, in the case of Termination V, the "warm" isotopic excursion is marked by three data points (not resolved in the small-scale Fig. 4 ) from a 19-cm-thick section. In contrast to G. inflata, C. wuellerstorfi shows a markeddowncoredecreaseinfrequency(from4.5to0-lspecimens/ cm 3 ) below the short-term positive S 18 0 excursion within Termi nations IV and V. Hence, the preceding short "warm" excur sion also may be a result of bioturbational downcore mixing. However, the sum of our evidence suggests that the 5 18 0 excursions correlating with the terminations are real.
Thus, we may infer that the presently much discussed climatic reversal during the last deglaciation (e.g., Labeyrie and Berger, 1987) presents a phenomenon that is linked more generally to the major climatic amelioration phases during the Brunhes Chron. Apparently, these reversals are more closely associated with SST variations than with changes of ice volume and deep-water temperatures, because they occur Imbrie et al., 1984; Martinson et al., 1987; Ruddiman et al., 1986; and Ruddiman, Sarnthein, et al., 1988, pp. 221-325. c.d. = composite depth. more regularly in the planktonic than in the benthic record, which has suffered, however, from low specimen abundance.
The Early Pleistocene and Pliocene Record at Site 658
Based on the amplitude of its oscillations, the Site 658 5 18 0 record (Fig. 4) indicates four major intervals of climatic variability during the early Pleistocene and late Pliocene; that is, between the major hiatus at 99 m and 295 mbsf (c.d.), at 1.575 and 3.6 Ma (interpolated ages after Table 5 ). To some degree, the boundaries between these intervals parallel events suggested by Keigwin (1986) . The uppermost interval at 99-130 mbsf (c.d.) , as shown in Figure 4A , depicts a gradual downcore decrease in climatic and isotopic variability from about \% 0 near 118 mbsf (1.77 Ma) to less than 0.5% c near 130 mbsf (c.d.), about 1.90 Ma. The second interval extends down to 182 mbsf (c.d.), equivalent to about 2.6 Ma and, in comparison with other published records (Fig. 6) Figure 4A , are documented incompletely but are apparently smaller than 0.5-0.6% o .
This large-scale subdivision scheme matches in great detail (Fig. 6 ) the oxygen isotope records of Sites 552 (Shackleton et al., 1984., suppl. by Curry and Miller, this vol.) , 606 (Keigwin, 1986), and 665 (Curry and Miller, this vol.) . Individual isotopic oscillations are equally similar. Figure 6 shows that the 5 18 0 record of Site 658 is characterized by the smoothest alignment of data points with major oscillations and the lowest number of subordinate "one-point" fluctuations of the four records compared prior to 2.4 Ma. This feature is possibly linked to the high sedimentation rates at Site 658. Note that none of the major glacial cycles between 1.9 and 2.6 Ma has developed a sawtooth shape ending with an abrupt termination like the 100-k.y. cycles of the Brunhes Chron, possibly implying a different mechanism of deglaciation.
The early Quaternary to late Pliocene isotopic oscillation record of intervals I and II at Site 658 compares generally well with the orbitally tuned stage sequence 60-116 defined by Ruddiman et al. (1986) and Raymo et al. (1988) at Site 607. However, at well-documented extreme isotopic events (such as stage 100), the amplitudes at Site 658 clearly exceed those of Site 607 by up to one-third. Based on the tuned time scale of Raymo et al. (1988) , the Reunion I magnetic event, which matches stage 82 at Site 658, has a tuned age of 2.024-2.044 m.y., as compared with an age of 2.01-2.04 m.y. according to Mankinen and Dairymple (1979) .
Apart from the artificial gap outlined at the core break about 155 mbsf (c.d.), however, a number of further oxygen isotopic stages that were defined at Site 607 can hardly be identified at Site 658 below 155 mbsf, that is, prior to 2.3 Ma. "Glacial" stage 98 remained unidentified at Site 658 because of a lack of benthic foraminifer specimens in our samples within a section that was -1.40 m thick, a lack common to many Pliocene cold stages at Site 658. However, stage 98 is well documented as a marked but short event (< 15,000 yr) at Sites 552, 606, 607, and 665. Stage 100, the largest isotopic excursion of the late Pliocene, marks a slight change in sedimentation rates at Site 658 from about 96 m/m.y. below to Ruddiman, Sarnthein, et al., 1988, pp. 105-219. b The identification of stage 19 is based on coincidence with the BMB; the identification of stage 60 is based on graphic correlation of isotopic event series 99-109 mbsf (c.d.) to stages 60-64, the oldest of which is linked to the top Olduvai reversal (Ruddiman et al., 1986) . 0 stages 60-100 (Raymo et al., 1988) , magnetic reversals, and age-calibrated nannofossil datums (Table 5 ). The duration of major gaps in the S 18 0 record are indicated in 1000-yr (k.y.) increments. Oxygen isotope records for Hole 552A (Shackleton and Hall 1984, suppl. by Curry and Miller, this vol.) , Site 606 (Keigwin, 1986) , and Hole 665A (Curry and Miller, this vol.) 86 m/m.y. and less, above the extinction of D. surculus, a change that is probably related to long-term variations in land climate and the regime of terrigenous sediment supply (Tiedemann et al., this vol.) . Further below, cold stages 102, 108, and 112 cannot be clearly identified despite sufficient sampling resolution and the absence of core breaks in the particular depth ranges of the Site 658 record. Stage 102 is very insignificant also at Site 607 (Raymo et al., 1988) and, hence, may be negligible. Stage 108 may be contained in the flank between stages 107 and 110. Stage 112 can hardly be detected within the "warm" oscilla tion of stages 111/113, which are well documented by both C. wuellerstorfi and Uvigerina sp. data.
The 5 18 0 stage 110 marks the first major glacial event at Site 658, that is, a major climatic deterioration at about 2.58 Ma. The preceding major cold stage 114 was almost lost by a (core break and) data gap of 36 k.y. at Site 658. In contrast, the records from Sites 606 and 665 show that stage 114 has been as pronounced as stage 110. Hence, the first major glaciation occurred at about 2.63-2.72 Ma. This datum pre dates the first major glacial isotopic event originally defined at stage 100 of Site 552 by almost 300,000 yr. Based on this discrepancy and on the fact that several isotopic oscillations are missed in the Site 552 record between the extinction datums of D, surculus and D. tamalis, we surmise that this sediment section from Site 552 was lost by a hitherto unrecognized hiatus near the Matuyama-Gauss boundary comprising stages 104-112 (Fig. 6 ). Curry and Miller (this vol.) arrived at a similar conclusion, but they located the gap about 1 m further downcore at a core break, an approach that strongly impedes the recognition of isotopic stages back to about stage 116.
Based on the close affinities between the records from different sites (Fig. 6 ) and the average time resolution of 1 sample every 5240 yr in the Site 658 record prior to 2.3 Ma, we propose to continue the 5 18 0 stage classification of Raymo et al. (1988) Table 5 .
The 21 proposed glacial and interglacial stages start below glacial stage 116, which is the last of the less pronounced glacial events characteristic of large-scale interval III. The 7 major climatic cycles of stages 116, 120, 124, 128, 132, 134, and 136 continue to indicate 40-and 100-k.y. periodicities, because many warm stages are subdivided by minor climatic oscillations (stages 118, 122, 126, 128, and 130) .
The extremely negative level of stage 133 in both the C. wuellerstorfi and the Uvigerina sp. records of Site 658 marks the onset of a major long-term increase in the oxygen isotopic range of both warm and cold stages. Prior to stage 115 in the Uvigerina sp. record and prior to stages 127/129 in the C. wuellerstorfi record, the "interglacial" values were lowered by up to 0.5%o when compared with the peak Holocene level, particularly conspicuous also at Sites 552 and 606 (Fig. 6 ). This superimposed isotopic shift at 3.05-2.7 Ma, which is also reflected by the "glacial" values, was first depicted by Shack leton and Opdyke (1976) and discussed extensively by Prell (1984) and Keigwin (1986) .
Based on planktonic-benthic foraminifer differences in the 5 ls O shift at Site 606, Keigwin (1986) related about 0.5% 0 of the general 5 18 0 increase at stage 132 to a major deep-water cooling by more than 2°C. Another 0.5%o, which was recorded in the planktonic and benthic foraminifer records, was ascribed to an early phase of small but long-term (persisting) ice formation equivalent to a sea-level fall of almost 50 m (assuming 0. l%o = 10 m sea level; . Stein (1984) found a similar planktonic-to-benthic foraminifer difference in the long-term 5 18 0 shift and, like Keigwin (1986) , a net increase of the average planktonic 5 18 0 values by about 0.5%o at Site 366 near 3.0 Ma. We regard this partial glacial effect as a justification to propose the present Pliocene stage classification.
The order of magnitude of 50-m sea-level fall compares well with observations from various Pliocene strand line and seismic sections on tectonically stable continents (e.g., Haq et al., 1987; Michel, 1973) . A possible formation of a major polar ice sheet on the Northern Hemisphere on Greenland near 3.1 Ma (such as reported from Iceland by McDougall and Wensink, 1966, and Einarsson and Albertsson, 1988 ) effects a sea level drop of only 6 m and, therefore, must have been paralleled by a contemporary increase in polar ice volume on Antarctica, although little is known about the precise Antarc tic glaciation history during the Pliocene (Harwood, 1985) . The polar ice volume was largely withdrawn from the effect of short-term interglacial melting phases such as during the early Holocene, as shown by our S 18 0 curves.
Carbon Isotope Record
The dissolved oxygen and C0 2 content of nonupwelled surface water is in balance with the atmosphere; hence, the water has a high content of dissolved oxygen and the dis solved C0 2 has a carbon isotopic composition of about 1.0%o (Duplessy, 1972; Kroopnick, 1980) . In the subsurface water along the thermocline and in deep water, dissolved oxygen is utilized by the oxidation of particulate organic matter sinking from the sea surface. The addition of isotopically light organic carbon averaging about -2l%o (Fontugne and Duplessy, 1981) to the deep water causes the average dissolved C0 2 to become isotopically lighter.
In deep water, this process starts from a time-specific composition of the source water and gradually advances as the water passes through the deep ocean basins and "ages" (Duplessy et al., 1980; Kroopnick, 1980) . Along the thermo cline the advection of organic matter depends almost exclu sively on the local carbon flux and the fertility of the nearby overlying surface water. In both cases, the intensity of oce anic primary productivity, which is largely controlled by upwelling in low and middle latitudes, forms a crucial factor for the S ,3 C budget of the water mass (Sarnthein et al., 1987 .
The planktonic carbon isotope records of Sites 658 and 659 show high-frequency variations that largely, although not entirely, parallel the climatic cyclicity of the last 3 Ma (Figs.  4B and 5B). Warm 5 ls O stages are generally linked to positive 5 13 C events, while cold stages and the deglacial phases (except for stages 2 and 3) parallel S 13 C minima. This relationship is more clearly depicted by the high-resolution record of Site 658 than by the record at Site 659. The planktonic 5 13 C maxima of Site 658 reach about the same height as that of Site 659, but the 5 13 C minima are up to 1.0%o more negative, consistent with the location of Site 658 below coastal upwelling. We infer from this distribution pattern that the history of organic carbon flux, surface ocean productivity, and upwelling offshore from northwest Africa were closely linked to climatic variability.
The benthic 5 13 C record of dissolved C0 2 in the bottom water at Site 658 closely parallels the fluctuations of the planktonic record of C0 2 concentration near the thermocline (Fig. 4B) . However, the benthic record is C-depleted by 0.5-1.0%o relative to the planktonic record.
Moreover, many oscillations in the benthic record differ from the planktonic record. The two 5 13 C records of Site 659 (Fig.  5) show a similar distribution pattern, although they are more disturbed by single-datum fluctuations.
In summary, we observe three regimes (0-270 k.y., 270-630 k.y., 1575-2000 k.y.) of 5 13 C offset between the bottom water and subsurface water records. They suggest that the (North Atlantic) bottom water at Sites 658 and 659 received an important portion of its dissolved C0 2 content via the local particulate carbon flux directly from the overlying thermocline and sea surface. This portion increased during the Brunhes Chron, especially after 270 k.y., during phases of high up welling productivity. On the other hand, the main proportion of the dissolved bottom-water C0 2 was supplied by lateral North Atlantic Deep Water advection during the early Pleis tocene, when the G. inflata record fluctuated more indepen dently and was relatively 13 C-enriched, indicating a lower C0 2 concentration near the thermocline.
The late Pliocene benthic carbon record of Site 658 (Fig.  3B) shows several phases of extreme 13 C depletion at 2.0-2.4 Ma (such as at Site 552; . Minor fluctuations at a moderately 13 C-enriched level also occurred from 2.4 to 3.3 Ma. This otherwise almost constant range was interrupted by two very short but well-documented events of extreme 13 C depletion at stages 128 (3.046 Ma) and 137 (3.32 Ma). These 5 13 C excursions are also found at Site 552 (Shack leton et al., 1984) .
CONCLUSIONS
The oxygen and carbon isotope stratigraphy at Sites 658 and 659 obtained undisturbed climatic records from hemipe lagic sediments of the northwest African continental margin. These records span the late Pliocene and Quaternary and are interrupted by one major and three minor stratigraphic gaps at Site 658. Upwelling-induced high productivity, combined with an ongoing hemipelagic terrigenous sediment supply, pro duced sedimentation rates from 8 to >15 cm/k.y. at Site 658. These rates provide an unprecedented time resolution of high-frequency and high-amplitude isotope oscillations that are negligibly obscured by bioturbation during the last 730,000 yr and from -1.6 to 2.2 and 2.3 to 3.4 Ma.
On the basis of this study, we arrived at the following conclusions:
1. The standard sawtoothlike character of the 100-k.y. climatic cycles during the Brunhes Chron is enhanced and further extended by the finding that S ls O event 7.5 was more negative than successive events 7.3 and 7.1, and by the discovery of a new "aborted" ice age: the short but extremely positive oxygen isotope range of event 13.2. Based on our new evidence, event 5.1 was as warm as 5.5.
2. The high-resolution planktonic and benthic oxygen iso tope records of Site 658 indicate numerous new high-fre quency variations in climatic history at periods of 5-10 k.y. Within this frequency band, short-term climatic excursions such as the Younger-Dryas and Allerod are shown to have accompanied most glacial terminations since approximately 630 k.y. This suggests a simple internal climatic feedback mechanism as their origin.
3. Based on the high time resolution at Site 658 and on nannofossil and magnetostratigraphic time control, we have successfully applied the new oxygen isotope stage taxonomy of Raymo et al. (1988) back to 2.75 Ma and extended it by 21 stages back to about 3.3 Ma. The climatic variability de creased from 1.6 to -1.90 Ma. Before 1.90 Ma, several marked 100-k.y. and 40/20-k.y. climatic cycles (stages 78-114) span the time from 2.0-2.7 Ma. Hence, the first major glacial event at Site 658 predates the one found at Site 552 by about 300 k.y. Small-scale 40-and 100-k.y. oscilla tions (stages 116-137) depict less-pronounced climatic cy cles between 2.7 and 3.3 Ma. A unidirectional increase in both the interglacial and glacial 5 18 0 range by 0.5%c near 3.0/3.15 Ma suggests an early important event of long-term polar ice formation and concomitant deep-water cooling.
4. Oxygen-isotope stratigraphy indicates that the great, slump-induced hiatus at Site 658 spans S 18 0 stages 20-59 (840,000 yr). A second hiatus causes the loss of events 17.2-18.3. Events 3.33^4.0 are missed because of a strati graphic gap in Section 108-658B-2H-6, and stages 89-95 because of a coring gap in Core 108-658A-18H.
5. The carbon isotope record of the planktonic species G. inflata shows that the major quasicyclic oscillations in 5 13 C and dissolved C0 2 near the thermocline parallel the climatic stages of the last 2 Ma. Most likely, the S 13 C cycles result from periodic variations in near-shore upwelling productivity near Site 658. The benthic carbon isotope record since early stage 15, especially during the last 270,000 yr, indicates that the ambient bottom water of Site 658 has received a major portion of its dissolved C0 2 from particulate carbon originating in the overlying upwelling cell. During the early Pleistocene and late Pliocene, however, the C0 2 budget of the local bottom water was dominated by variations in the advection of North Atlan tic Deep Water. Several pronounced phases of 12C-(i.e., C0 2 -enriched bottom water) parallel the early glaciation cy cles 2.0-2.4 Ma and, in particular, the unidirectional 5 18 0 shift near 3.3 and 3.05 Ma.
